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Abstract
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Proteomics is a fast growing field and there has been a tremendous increase of knowledge the
last two decades. Mass spectrometry is the most used method for analysis of complex protein
samples. It can be used both in large scale discovery studies as well as in targeted quantitative
studies. In parallel with the fast improvements of mass spectrometry-based proteomics there has
been a fast growth of affinity-based methods. A common challenge is the large dynamic range
of protein concentrations in biological samples. No method can today cover the whole dynamic
range. If affinity and mass spectrometry-based proteomics could be used in better combination,
this would be partly solved. The challenge for affinity-based proteomics is the poor specificity
that has been seen for many of the commercially available antibodies. In mass spectrometry,
the challenges are sensitivity and sample throughput. In this thesis, large scale approaches for
validation of antibodies and other binders are presented. Protein microarrays were used in four
validation studies and one was based on mass spectrometry. It is shown that protein microarrays
can be valuable tools to check the specificity of antibodies produced in a large scale production.
Mass spectrometry was shown to give similar results as Western blot and Immunohistochemistry
regarding specificity, but did also provide useful information about which other proteins that
were bound to the antibody.
Mass spectrometry has many applications and in this thesis two methods contributing with
new knowledge in animal proteomics are presented. A combination of high affinity depletion,
SDS PAGE and mass spectrometry revealed 983 proteins in dog cerebrospinal fluid, of which
801 were marked as uncharacterized in UniProt. A targeted quantitative study of cat serum based
on parallel reaction monitoring showed that mass spectrometry can be an applicable method
instead of ELISA in animal proteomic studies. Mass spectrometry is a generic method and has
the advantage of shorter and less expensive development costs for specific assays that are not
hampered by cross-reactivity.
Mass spectrometry supported by affinity based applications will be an attractive tool for
further improvements in the proteomic field.
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1. Introduction

The start of life on earth goes billions of years back in time. Still it was not
until very recently that humans began to explore and slowly achieve a better
understanding of the complexity of the building blocks of life. The human
body is composed of a very large number of different cells. The genetic code
is the basis of all living cells and the information in the code controls all
activities of the living cells. The total length of the human genome is over 3
billion base pairs and the nucleotides are folded into a double helix spiral,
the deoxyribonucleic acid, DNA [1]. DNA is the template for proteins,
which are essential parts of all living organisms involved in most of their
biological processes. Proteins cannot directly be produced from the DNA
strand, there is another molecule needed called mRNA. This is an intermediate step from the DNA code to protein. This is called the central dogma [2].
It involves a transcription from DNA to pre-mRNA, which can be modified
by different splicing of the sequence to get mRNA. Finally there is a translation from mRNA to protein. Today it is anticipated that the human proteome
is based on about 20.300 protein coding genes [3]. That number is not the
final answer to how many proteins the human body consists of. Proteins can
have different isoforms due to mRNA splicing. However, it has been shown
that one coding gene, one transcript is the most common [4]. Added to this,
there is a large number of different post-translational modifications that
makes the number of different functional proteins much higher [5]. Many of
these are yet of unknown function and some of them might be key targets in
the medicinal products that will be produced tomorrow. One of the challenges is to characterize these proteins to generate more knowledge about their
involvement both in the processes in a healthy human body and in one that
suffers from a disease.
The concept proteome was defined by Marc Wilkins during his doctoral
studies in the 1990s [6] as a way to classify the study of the proteins of humans and other species. Proteomics is thus the large scale research concerning proteins and includes a large number of different techniques that can be
used to find proteins in different samples. The exploration of proteins and
the systems they are integrated in is of outmost importance in many research
disciplines such as medicine, biochemistry and biology. One challenge in the
proteomic research field is the large dynamic range of protein concentration
that is found in e.g. the plasma proteome, which is up to 12 orders of magnitude [7]. In close relation to that is the sample handling and sample prepara13

tion. There is a need for establishing sensitive techniques that can detect low
abundant proteins. Today there are mainly two different ways to approach
this, mass spectrometry (MS) [8, 9] and affinity based methods. Regarding
affinity based methods, there must be affinity reagents available that are
specific. There are initiatives to make it easier for researchers to provide as
much validation data as possible regarding antibodies and antigens. Two
such internet based portals are antibodypedia.org [10] and pabmabs.com
[11]. Mass spectrometry, on the other hand, can be performed as an undirected search for proteins in a sample. Since 2001, the human genome is
sequenced [12, 13] and all information is now accessible through web-based
databases such as UniProt and Ensembl [3, 14]. The number of completely
sequenced species is constantly growing, benefiting both affinity and mass
spectrometry proteomics. Even if the genome sequence does not reveal everything about the different proteomes it is a very good starting point for large
scale proteomics studies. Without the enormous improvements in DNA sequencing, the proteomic field would not have developed as fast as it has
during the last decade. Even if the development has been impressive, the
field of proteomics, is still hampered by lack of sufficient sensitivity and
specificity to uncover a whole proteome by a single method.
At the Human Proteome Organization (HUPO) conference in Madrid
2014, the keynote speaker Mathias Uhlén summarized his thoughts of what
is most exciting in the proteomics field today. He formulated this as the
“wonderful marriage between affinity and mass spectrometry based proteomics”. This statement is a very good description of the aim of this thesis. It
is of outmost importance that different fields of proteomics can co-operate to
clarify the complexity of not only the human body, but also other species.
This does not mean that the range of methods in the proteomics field must be
reduced, but there has to be better ways of combining them. This will result
in new analytical tools capable of investigating complex biological systems.
There have been tremendous improvements and discoveries in the proteomics research field the last decade. The first drafts of the human proteome,
based on mass spectrometry [15, 16] and affinity [17] were released in May,
2014 and January, 2015, respectively. None of them claims to present the
complete story of the human proteome and each study provides complementary and overlapping information about the Human Proteome. All information is publically available, but the challenge is to present it so that more
information can be extracted from this fantastic resource. As has been seen
with the human genome, we will see a continuous upgrading of the human
proteome. Compared to the genomics field, there is still a lot that has to be
done in the proteomics world e.g. improvements of analysis tools and infrastructure for data handling, storage and sharing of data [18]. Another important challenge in the proteomics field is to find and categorize different
modifications that can be done by purpose or by chance (environmental effects, diseases, gender, etc) [19]. One such specific area is post-translational
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modifications (PTM). Several hundred different PTMs have been reported
and a gigantic work is ongoing to get an understanding of their biological
functions [20-23]. If we together can find out the function of all different
proteins, there is a fantastic opportunity for inventions of diagnostic tools
that can classify differences that can appear in proteins at different disease
stages. Hopefully resulting in earlier diagnoses as a result and consequently
give a better chance to prevent different diseases like e.g. cancer, Alzheimer's and many more. There is a lot of work required to get there, but we
proceed in the right direction with an increasing speed.
This thesis focuses on method developments of research tools within proteomics. One major problem in the affinity proteomics field is all the time
and money spent on antibodies or other kinds of affinity binders that do not
live up to the expectations [24-27]. Better validation strategies are needed
and Paper I-V are contributions to this. Another issue within the proteomics
field is the need of more specific and sensitive methods that could be used in
multi species. Mass spectrometry is much easier to adapt to multi species
which can save costs. The risk of cross-reactivity in mass spectrometry is
limited compared to affinity-based proteomics and it should give a lot of
added value to use more mass spectrometry in animal proteomics. To deal
with this challenge there has to be a more multidisciplinary workflow than
used today. Mass spectrometry and affinity proteomics must learn from each
other and complement each other's shortcomings. Contributions to that are
presented in Paper VI and VII.
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2. Affinity Proteomics

A Diverse Field – History and Short Summary of
Methods
Today there is a large number of different assays based on affinity reagents
such as antibodies. A today widely used method was introduced in 1941 by
Albert Coons and his coworkers [28]. The method was Immunohistochemistry which is a visualization method using antibodies in situ in tissue sections.
A method that has become known as the first immunoassay was presented in
1959 by Rosalyn Yalow and Solomon Berson [29]. The method was given
the name radioimmunoassay (RIA). Next revolution in the area was the introduction of enzyme-linked immunosorbent assay (ELISA) Peter Perlmann
and Eva Engvall 1971 [30]. 1975 the concept monoclonal antibody was
launched [31] and after that there have been many more publications presenting different kinds of binders and many of them will be presented later.
Another achievement was the introduction of Western blot (WB) 1981[32].
This is just a few but very important discoveries among all that have been
launched the last decades. There has been an incredible development and the
release of the human genome in 2001 opened up new possibilities with in the
proteomic field. Large-scale protein mapping methods such as protein arrays
and mass spectrometry have the last decade increased protein knowledge in a
magnificent way. Today, there is an amazing palette of methods to identify
and characterize proteins. If used wisely, we would be able to make new
discoveries that may reveal the mechanism behind many of today's worst
diseases. This can then hopefully be used for new diagnostic methods and
medications. To get there, new collaborations and strategies have to be implemented. Much has been performed in the past two decades, but unfortunately, the new insights have not resulted in as many new diagnostics or
treatments that could have been expected.
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Affinity Reagents Used in Protein Microarrays
Many types of molecules can be used for protein microarrays such as antibodies, recombinant protein, antibody fragment and different kinds of scaffolds [33]. In what context the protein microarray is going to be used determines what kind of capture reagents to use. In this thesis the focus is put on
the antigen protein microarray as a tool for validation of produced antibodies
or other affinity reagents (Paper I-IV). In antigen microarrays used in this
thesis, the capture reagent is the antigen that the affinity reagent is produced
against. If the array is inverted different kinds of affinity binders is printed
and used as capturing agents, such as antibody arrays used for protein detection in different kinds of body fluids.

Antigens
An antigen is usually described as a substance foreign to the host organism.
The substance will trigger an immune response that produces antibodies
targeting that substance. The region of antibody recognition of an antigen is
referred to as an epitope. Epitopes can be linear or conformational and it is
important that the antibody can attain the epitope to be able to bind. Changes
of epitope conformation can occur due to environmental change, e.g. denaturation. The ability of an affinity reagent to recognize the epitope in a native
or denatured state can either be an advantage or a disadvantage.
The most common antigens used for production of antibodies are polysaccharides, lipids, nucleic acids and the most used, proteins. When antibodies are produced in host animals there are usually three different types of
antigens used: recombinant full-length proteins, other recombinant proteins
and small peptides.
Working with recombinant full-length proteins can be laborious and time
consuming due to the fact that it is more complicated to produce these kinds
of proteins [34]. To be able to ensure a native folding, they should be expressed in a system which makes it feasible e.g. mammalian cells [35]. Native proteins can also be used but it can be laborious to extract them from
human tissue or body fluids.
If peptides are used as antigens, a length of about 10-20 amino acids are
usually used to have functional linear epitopes. It is assumed that a peptide
shorter than approximately 7 amino acids is insufficient to function as an
epitope and if they are longer they could fold into a structure that is not
found in the native protein [36]. Peptides have also successfully been used
for epitope mapping of proteins. It was shown that a 10 amino acids long
peptide was not enough to map the epitope but when 15 amino acids long
peptides were used the epitope mapping was successful [37].
Recombinant proteins that are not full-length proteins are commonly used
as antigens because they can be produced in large amounts, in e.g. E.coli.,
17

which can be used in the downstream process of the affinity reagent production. There are examples of both monoclonal, polyclonal and antibody fragments produced with recombinant proteins as antigen [38-42].

Antibodies
Antibodies are important components of the adaptive immune system. Antibodies circulates the body and have a function to eliminate microbes in the
extra cellular fluids, but also to activate other components of the adaptive
immune system [43].
Antibodies are glycoproteins secreted by specialized B lymphocytes,
called plasma cells. They are also referred to as immunoglobulins (Ig) because they contain a common structural domain. Antibodies are built-up by
four polypeptides, two identical copies of a heavy chain and two identical
copies of a light chain, which are held together with disulfide and noncovalent bonds, see Figure 1. This structure is usually schematically presented like a Y-shaped molecule. Based on functional differences, antibodies can
be further divided into two parts, the Fc–region and the Fab-region. The Fab
domain is the arms of the Y-shape and contains the antigen binding sites of
the antibody, that region is also referred to as the Fv region. The base of the
Y is called the Fc region and the constant region of the Fc region is involved
in binding between effector molecules in the complement system and more
important to Fc receptors that are present on phagocytes and other immune
system molecules [44]. Each variable region of the heavy chain and the light
chain contains hyper variable regions, called complementarity determining
regions (CDRs). These regions make it possible for the antibodies to adapt to
almost any antigen that can appear in the body. In mammals there are five
subclasses of Ig, classified depending on the conformation of their heavy
chains (IgG, IgA, IgE, IgM and IgD). All have their own function in the
immune system and can be used for different purposes in research. In the
affinity research of today there are different types of antibodies available e.g.
polyclonal, monoclonal and mono-specific antibodies but there are also
fragments of antibodies used. Each of them have their strengths and weaknesses, but are useful in various applications.
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Figure 1. Schematic presentation of an antibody and the different regions it contains.
Two different (ScFv and Fab) antibody fragments that are commonly recombinantly
expressed are also shown.

Polyclonal Antibodies
Polyclonal antibodies are generally produced by immunizing an antigen to a
host animal, usually mouse, rabbit or goat. The antigen is recognized as a
foreign substance by the immune system of the host animal and the immune
system starts to produce antibodies by specific B-cells. An antigen normally
has several different epitopes that are recognized by the immune system and
each specific B-cell will produce an antibody directed to one of the epitopes.
This means that polyclonal antibodies will have a whole panel of different
antibodies that recognize different parts of the antigen with different affinity.
There is both an advantage and a disadvantage with a polyclonal immune
response when antibodies are used as capturing tools. It is an advantage that
different epitopes can be recognized by polyclonal antibodies. This can be
used in protein microarrays due to the fact that the apparent affinity for polyclonal antibodies is higher because there are more binding sites and this will
enhance the limit of detection [45]. The pool of polyclonal antibodies might
be less sensitive to changes in the environment due to the fact that another
epitope can be targeted by other antibody fractions of the pool if an epitope
is destroyed [46]. The potential that lies in the polyclonal antibodies to recognize different types of epitope, both linear and structural epitopes [47]
makes them useful in many kinds of applications [29, 30, 32, 34, 48-50].
Another advantage that makes the polyclonal antibodies useful is that they
are relatively easy to produce compared to other types of binders. Already
after a couple of months after the first immunization, it is possible to collect
the antibodies from the animal [46]. Recognition of different epitopes could
in some cases be a disadvantage because it is not exactly known which part
of e.g. a protein that is targeted. It can be hard to distinguish an unspecific
binding from correct ones. This fact makes it impossible to use polyclonal
antibodies for in vivo diagnostics, but they are to a large extent used in in
vitro diagnostics. There is also a reproducibility issue because there will be
19

different pools of antibodies produced in different immunizations even in the
same animal. This will have the consequence, that more batch to batch validation has to be done for polyclonal antibodies than on a renewable resource
of affinity reagent.
There are strategies that can be used to pull out specific antibodies from a
polyclonal serum. Typically these antibodies are found in concentrations
from 50 to 200 µg/mL [46]. For this purpose an affinity purification of the
polyclonal serum on a column coupled with the antigen used for the immunization is done. Compared to monoclonal antibodies there will still be problems with reproducibility, since there is a need to produce new antibodies
and their specificity may differ.
Monoclonal Antibodies
Monoclonal antibodies are often first choice when it comes to clinical diagnostics and research today due to the fact that they bind with one specificity
to their targets. The principle, behind monoclonal antibodies, is that an antigen is immunized into a host animal, usually a mouse. So far, it is the same
as the production of polyclonal antibodies, but in 1975 Köhler and Milstein
published a paper where they describe how they fused activated, antibody
producing cells with myeloma cells [31]. The hybridoma that is the outcome
of this fusion is an immortal cell line that produces identical monoclonal
antibodies. One advantages of this technology is that there will be identical
antibodies that can be produced rapidly and reproducibly recognizing the
same epitope. This can, however, be a disadvantage if the epitope that the
antibodies are directed against is altered in a changing environment. Compared to polyclonal antibodies, the production of monoclonal antibodies are
labor-intense and it can take more than a year to produce a functional monoclonal antibody. On the other hand there is a renewable resource when the
cell line is established. More about the differences between monoclonal and
polyclonal antibodies can be found in Lipman et al. [46]. There has been
efforts to enhance the throughput of monoclonal antibodies by using robotics
and antigen microarrays for screening [39].
Antibody Fragments and Scaffolds
Instead of using the whole antibodies, fragments, like single-chain variable
(scFv) and fragment antigen binding (Fab), can be used. The Fab fragment
was found as a product after enzymatic cleavage of the whole antibody with
papain and pepsin and got the name simply because it was the antigen binging fragment [51]. Single-chain variables simply consist of the variable regions of the heavy and light chain and are coupled tighter with a linker [52].
In 1990 McCafferty et al. published an article where they used phage display
to display and select antibody fragments [53]. Since then, there has been a
lot of effort on developing phage display and there are a growing number of
large libraries that consist of random combinations of antibody fragment
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genes [40, 42, 54, 55]. In parallel with the further development of the phage
display, other systems like ribosome display, cell surfaces display on
Staphylococci and yeast displays have been developed and implemented in
the generation of different kinds of affinity reagents [56, 57].
Antibody fragments are also produced in E.coli and already in 1988 there
were two articles published that descried how functional antibody fragments
could be produced in E.coli [58, 59]. This technology has since then been
developed and is today widespread [60].
There are an increasing number of affinity reagents without immunoglobulin as template. One of them is a scaffold called, Affibody molecules.
The origin of Affibody molecules are the B domain of protein A which is a
Stapylococcus aureus protein and consists of 58 amino acids [61]. Another
binder that has gained great interest is the Nanobody. The Nanobody derives
from the unique heavy chain antibodies of camelids. Nanobodies are ~13-14
kD in size and are used in a wide range of biochemical applications [62, 63].
More about recombinant binders and their usability can be found in a recent
review by Helma et al. [64].

Human Protein Atlas Project
The Human Protein Atlas project, founded 2003, is a large scale effort to
produce antibodies against all human proteins [65-67]. The aim of the project is to produce at least one mono-specific antibody directed against each
and every one of the 20.300 proteins. The HPA project would not have been
possible without the sequencing of the human genome [12, 13]. All the work
done in the project is based on the human genome sequence and the predictions that are made on which part of the genome actually will be expressed
as a protein. Without that information, it would not be possible to create the
protein fragments that are templates for the antibodies, which are used to
generate protein profiles in human tissues and cells.
To be able to reach the goal, to produce antibodies against all proteins in
the human body, a large scale production has been set up to produce recombinant protein fragments that are named Protein Epitope Signature Tag
(PrEST) in the HPA project. To select a region of the full length protein,
unique for the protein, an in house developed software is used. This web
based program for antigen selection and visualization is based on data from
Ensembl. In addition, there is also built in functions for prediction of transmembrane regions and predictions of solubility [3, 24]. A unique fragment
of the protein consisting of 25-150 amino acids is selected. To avoid crossreactivity the software selects protein sequences with as low homology as
possible to other protein sequences in the human body. With this as a template, primers are designed in the software and the PrEST sequence is produced with RT-PCR with RNA as template. The sequence is ligated into a
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vector that contains a hexa-histidine albumin binding protein (His6ABP)
gene sequence. The resulting His6 tag on the protein is used for the purification of the PrESTs before immunization [68] and the ABP is used to enhance
the immune response [69]. The vector construct is transformed into E. coli.
The sequence of the clones is verified by Sanger sequencing [70]. After that,
the E.coli colonies are cultured, the protein expression is induced and the
resulting PrESTs are collected and purified [71, 72]. The PrESTs are immunized in rabbits and the polyclonal serum is collected. The first step in the
purification procedure of the serum is a depletion column used to remove
antibodies directed against the His6-ABP tag. The serum is affinity purified
on a second column with the corresponding PrEST coupled [41]. After Purification, there is what HPA refers to as a mono-specific antibody mixture
directed against different epitopes on the PrEST [70]. The specificity of the
antibodies is then verified by microarrays where the PrEST is used as target
agent [41]. The antibodies are also tested in Western blot. In Immunohistochemistry (IHC) the localization of the corresponding protein is explored
[41]. To get an even better view of the localization immunofluorescence (IF)
is used for the subcellular localization [73]. In the beginning of 2015 the
HPA project published an article with data covering more than 90% of the
human putative protein-coding genes [17].

Validation of Affinity Reagents – an Important Factor in
Proteomics
Why is it important to have validated affinity reagents to work with? First of
all, it is a lot of money involved in affinity reagents. Since they are valuable
and crucial for the assays, the purchaser needs to be sure that the reagent
works. If not, there will be serious consequences as noted in a recent article
by Monya Baker [74]. She refers to several publications in this matter and I
will focus on some of them. In a study published by Begley and Ellis it was
stated that out of 53 research papers based on landmark cancer research, 47
of them could not be reproduced [75]. This is a very sad number and although more efforts could possibly have been made to reproduce more of
them, it is eye-catching, how large a proportion that failed. Even if this study
is controversial it gives a hint of the tremendous challenge it is to establish
reliable research tools within the proteomics field that can be trusted by the
research community. This is one of the most crucial problems to solve today.
In another study, 49 commercially available antibodies targeting 19 signal
receptors were tested regarding their specificity. The conclusion was that the
antibodies demonstrated a lack of selectivity that appeared to be the rule
rather than the exception [76]. Egelhofer et al. showed that more than 25%
of 246 histone-modification antibodies failed in specificity and even more
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stunning, four of the antibodies were perfectly specific but to the wrong target [77]. On top of this, there is a number of other publications reporting on
the bad performance of commercially available antibodies [25, 27, 66, 78]. It
seems that there is quite a good awareness that there are a lot of antibodies
that do not work and should not be on the market. There are however no
consensus on how to get out of this mess, but there is an ongoing debate [26,
79-81]! Everyone agrees that more validation is needed to change what have
been mentioned as the reproducibility crisis. This is where part of this thesis
comes in, because Paper I-V is all about antibody validation. It sounds easy
but antibody validation is not easy. First of all, it has to be stated that an
antibody will/can work differently depending on the assay that it is used for.
This is one part of the reproducibility crisis. In which context is the antibody
used and what are the specifications from the manufacturer for that particular
antibody?
If the affinity reagent bought is unspecific, much time is spent on investigating something that in the end shows to be of low value. Therefore, it is in
the researcher’s own interest that better and more similar validation strategies are set up for the affinity reagents that are commercially accessible. If
there is no or limited information of the validation of the affinity reagent, the
researcher has to put valuable time to investigate that the product that is
bought works as it should. To speed up the growing market of affinity based
diagnostics, there is a need for a more generally approved validation strategy
for affinity reagents. It is important that this validation is not too time consuming and that the cost is not too high, which will limit the reagent to reach
the market. Today there are many different ways to test the antibodies such
as Western blot, immunoprecipitation and many more. Unfortunately there is
no general agreement on what should be done and what kind of cut off that
should be used to be able to state that an affinity reagent fulfills the criteria
of being a validated and fully functional reagent. A first step could be if all
producers of affinity reagents published all available data of the reagents.
What is then a specific antibody? It is not that easy to answer this question. James and Tawfik ask like this “Are specificity and promiscuity contradictory; or can a protein exhibit a promiscuous activity that is itself highly
specific?” [82]. Their answer is that promiscuous activity does not necessarily need to be nonspecific. It is a matter of each antibody and the properties it
has. Cross-reactivity involves binding of ligands that are similar or overlap
the antibody’s original antigen. Multi specificity on the other hand refers to
the binding of distinctly different ligands, which can be the use of different
set, combining site residues, or conformation differences of the same antibody. Promiscuous behavior has also been reported by Olsson et al. which
they classify it as both specific and degenerate binding [83]. The promiscuous nature of antibodies further complicates the definition of specificity.
This picture of antibodies with a changing behavior is supported by findings in the HPA project. Boström et al. showed that HPA produced antibod23

ies can be used for IP but only about 50% of the tested polyclonal antibodies
could capture the correct target even if all of them were tested on the antigen
array [84, 85]. This clearly shows the need for verification of antibodies in
the specific assay they are going to be used in. The largest difference between HPA antigens and native protein is that the former is denatured and
shows linear epitopes. In native proteins those epitopes could be shielded or
there is a structural epitope that this kind of antibodies does not recognize. IP
can be used in non-denaturing [86] or denaturing [87] mode. Running them
both when evaluating antibodies in combination with MS would probably
improve the outcome. In MS analysis the folded or unfolded protein does not
matter which means that if it is only a matter of quantification with MS a
denaturized protein IP could be used. Schwenk et al. have shown that heat
treatment of plasma sample improved detection of components of the complement system using HPA antibodies [88]. Their explanation is that
epitopes will be exposed at elevated temperature thereby linear epitopes will
be accessible for the HPA antibody. In a large study, Marcon at al. set up a
mass spectrometry–based standardized protocol characterizing antibody
selectivity and specificity for use in IP that was evaluated in five independent laboratories [89]. This kind of large scale initiative is a good example of
what has to be done to improve the outcome of affinity based research and is
also a nice example on how affinity and mass spectrometry-based methods
can be used in combination to improve research tools within proteomics.

Protein Microarrays - Applications
A microarray is an ordered structure of samples such as DNA, proteins or
other samples of interest. This technique took off during the 1990s with the
evolvement of the DNA microarrays [90, 91]. The principles of miniaturized
and parallelized immunoassay were already described in the late 1980s by
Roger Ekins [92]. However, it was not until the late 1990s that protein microarrays were developed [93-96]. At that time DNA microarrays and the
tools needed to produce microarrays in a high-throughput fashion were established. The principle is to miniaturize and parallelize the assay to get as
much information as possible in a single run. However, it was challenging to
adapt into protein microarrays, since proteins are far more complex to work
with than DNA. One of the largest limitations was and still is the production
of proteins used for the production of the protein arrays. Today, protein microarrays are established and used in many different applications [56, 97].
There are different names of them. Here I classify them as antigen arrays,
antibody arrays and reverse-phase microarrays, See Figure 2.
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Antigen Microarray
An antigen microarray consists of immobilized antigens on a solid support.
Antigen microarrays were used as a validation tool of polyclonal and monoclonal antibodies as well as scFv in Paper I-IV. It was shown that antigen
microarrays can be a valuable tool for validation when new affinity reagents
are produced. The specificity of an affinity binder is important, in order to be
confident that the molecule that is detected is the correct target. It has recently also been nicely presented that immunoprecipitation (IP) assay coupled to
MS could be a useful tool for verification of the specificity of the produced
antibodies [84, 89].
Antigen microarrays have also been used for diagnosis of allergy and then
different allergens are printed on the array [98, 99].

Figure 2. Three types of protein microarrays with printed array to the left, incubation in the middle and detection to the right. The presented set up is the one used in
this thesis and related publications.

Another application for antigen microarrays are screening for human autoantibodies. There is a growing need to get a deeper understanding of different
autoimmune diseases and here antigen microarrays could be an important
tool to give new information and new targets that could be used in both diagnosis and therapy of these diseases [100-103]. There have been studies
with antigen microarrays as a tool for identification of the immunodominant
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pathogen in different infectious diseases [104, 105]. More about different
antigen microarray applications can be found in Ayoglu et al. [56].

Antibody Microarray
Antibody arrays can be produced with polyclonal, monoclonal, single chain
variable (scFv), Fab, Affibody molecules or other kinds of affinity binders.
Antibody microarrays are together with antigen microarrays the most widely
used protein microarrays. There is an example where small size arrays are
used in a diagnostic application. One example is diagnosis of acute coronary
syndrome (ACS) [106]. More about the status of antibody based microarrays
for clinical applications can be found in theses review articles [107, 108]. A
limiting factor is the expense and lack of high quality antibodies. This is
indicated of the size of the produced and published studies with antibody
microarrays. It is usually from ten and up to a couple of hundred antibodies
that are included. One of the larger antibody arrays, produced by Schröder et
al. contained 810 antibodies directed against 741 different proteins [109].
There are already initiatives taken to use the arrays for large scale protein
profiling, even if the one referred to here is based on a bead based assay
[88]. This kind of initiative will open up a new field that can be used in parallel with e.g. mass spectrometry protein profiling. This will hopefully give
many new biomarker candidates and potential therapeutic targets. Antibody
microarrays and MS can also be used for orthogonal verification of studies.
There is a lot of potential in using antibody arrays both as a diagnostic tool
and a biotechnological tool. The antibodies and the produced microarrays
have to be thoroughly validated before large scale use.
Peptide microarrays have in the last years been introduced as a complement to antigen microarrays. Peptide arrays have been used epitope mapping
of proteins with promising results [110, 111].

Reverse-phase Microarrays
A reverse-phase microarray is constructed by spotting a complex sample e.g.
human tissue lysate or serum/plasma on a solid support. The strength of doing this is that thousands of patient samples can be screened in a single run at
equal conditions [112]. Due to the fact that the amount of sample deposit is
small, there is not much patient sample needed for the analysis. This is,
however, one of the drawbacks with these kinds of microarrays because the
number of molecules of each protein in the sample will be very low, it might
be below 100 molecules [56]. In a study done by Janzi et al. with a serum
microarray targeting IgA, the sensitivity was in the lower µg/ml range [112].
This shows that the sensitivity today is not good enough for the low abundant proteins (concentrations below µg/ml) in these kinds of studies. Although it can still be of interest due to the fact that thousands of samples can
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be tested at the same time. For medium to high abundant proteins this could
be useful. Still there are possibilities to enhance the signal and there have
been some studies to do this [113]. In the future there might be new amplification techniques that could be used to increase the sensitivity for reversephase microarrays and then they could be a very good tool for large scale
screenings of large patient cohorts.

Production of Protein Microarrays
The protein microarray production is based on the printing proteins with a
robot and immobilized the proteins on a solid surface. Microscope slides are
usually used, with an adsorbent or a chemically activated surface. This implies that there is a small amount of protein solutions that is deposited either
by a drop or by physical contact with a steel pin. The amount of material that
is deposited is usually 100-400 pL. This will result in a spot size of about
100-300 micrometer on the solid support. Tens of thousands of spots can be
placed within one slide. The possibility to print many different proteins in
one slide is one of the main advantages with planar protein microarrays.
Screening a lot of proteins with many different patient samples is feasible,
but the throughput will be rather low.
Table 1. Some surfaces that can be used as solid support in protein microarrays.
Surface chemistry
Binding mode/ reactive groups
Epoxy
Covalent/ amino, thiol or hydroxyl
groups
Aldehyde
Covalent/ amino groups
Poly-L-Lysine
Adsorption, ionic interaction
Aminosilane
Adsorption, ionic interaction
Amine
Covalent/ amino groups
NHS
Covalent/ amino groups
PVDF
Adsorption
Nitrocellulose
Adsorption
Polystyrene
Adsorption/polar groups
Polyacrylamide gel
Adsorption, interactions with
the 3-D matrix
Biotin immobilized in polycarboxylate
Streptavidin/avidin/ neutravidin
hydrogel
Adsorption, amino groups and interacPolycarboxylate hydrogel,
NHS activated
tions with the 3-D matrix
Ni²+ ions complexed in polycarboxylate
Poly histidine tag
Hydrogel
Protein A polycarboxylate hydrogel
Human immunoglobulin proteins
Streptavidin polycarboxylate hydrogel
Biotin
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A very important component when producing protein microarrays is the
printing robot, which is a device, precisely delivering small amount of the
sample onto a solid support. There are two main methods of printing microarrays and those are, contact and non-contact printing. A review of different
printing technologies has recently been published by Romanov et al. [114]
There is a large diversity of solid supports that can be used for protein
microarrays on the market [96, 115, 116]. In Table 1, different surfaces are
listed that can be used and the binding mode that is used for the immobilization.
Blocking the surfaces that are not immobilized with protein is another
important issue when working with protein microarrays. This can be tricky
and a lot of testing might be needed to find a good blocking solution. Usually this is done with some kind of protein blocking. The most common used is
bovine serum albumin (BSA) or milk or a combination of them. There is
also a growing commercial market of blocking solutions.

Incubation, Scanning and Data Evaluation
There are many different detection systems that can be used, but in protein
microarrays fluorescence based are the most frequently used [117]. Some
research groups are using chemiluminescent detection [118].
There are two different ways of labeling samples that are being tested: direct labeling or indirect labeling. See Figure 2. Indirect labeling, called
sandwich assay, is an approach where the proteins in a complex sample like
plasma are captured on an antibody array, then a second complementary
fluorophore conjugated antibody is introduced for detection [119]. Direct
labeling means that the sample is labeled with e.g. a fluorophore and then
incubated on the slide [120]. In antigen microarrays the detection is usually
done with a fluorophore conjugated secondary antibody which is specific for
the host animal in which the primary antibody is produced.
There have been studies to compare different labeling strategies to find
out advantages and disadvantages with the different approaches [121, 122]
The sample of interest (labeled or not), are applied to the slide and incubated for 1h up to 24 h. After that, the unbound material is washed away. If
the sample is not directly labeled with a fluorophore, a secondary antibody
e.g. an anti-rabbit/anti-human antibody label with a fluorophore or other
kind of detectable reagent is put on and incubated, usually 1 h. When this is
done the slide is washed again to wash away unbound secondary antibody
and after that the slide is dried and scanned.
The evaluation of the scanned slide is done with an image analyzing
software, which translates the fluorescent signals into numbers that can be
analyzed using different kinds of statistical methods, often in a statistical
program like R or equal.
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Bead Based Protein Microarrays
In a bead based system the solid support is color-coded microspheres that
can be identified with a flow cytometry based system [56, 95]. In Paper III
a bead based set up was compared to a planar antigen microarray. There are
500 unique color-coded microspheres available, which is the upper limitation of how many analytes can be tested. Each of these beads can be coupled
to an antibody or antigen in suspension and after coupling the different beads
can be mixed together. This is very flexible due to the fact that when the
beads are coupled there are no limitations how they can be mixed together.
In contrast to planar arrays the whole procedure is done in suspension which
means that there is no drying that can make the coupled molecule inactivated
or denatured. The suspension setup gives better possibilities to make the
whole process automated by robots. Compared to planar arrays the bead
arrays are faster when analyzing many different patient samples because it is
only adding more wells in the microplate and there is no image analysis. If
slides are used, many slides have to be included and there is also a scanning
and image analysis.
The procedure starts with coupling the beads, a specified amount of antibodies or antigens are added to a specified amount of beads. Then beads are
mixed together to create a microarray in suspension. Then sample is incubated with the beads. In bead based system the detection is done by fluorescent
dyes. More details about bead coupling and sample labeling are found in two
articles by Schwenk et al. [88, 123]. When the incubation is done the incubated beads are detected in a flow cytometry based system equipped with
two lasers. One detects the identity of the bead and the other the intensity of
the signal from sample. In the output file, the mean intensity of all the beads
with the same identity is reported as well as how many of that specific bead
identity that are counted. More than one bead is always counted, at least 50
beads/well of the different bead identities is usually included. The output
data is a mean value based of at least 50 different beads and the signal generated from them. Looking into a user perspective, this system is much more
user-friendly and it is much more flexible because the different beads can be
mixed in any combination while the planar array have a fixed pattern even if
many spots can be included but then the cost can be an issue.

Gyrolab Technology
The Gyrolab technology is based on a parallel nanoliter microfluidic approach and was used in Paper II. The platform builds on a special type of
compact disc (CD) with integrated micro capillaries minimizing the sample
consumption. The transport of the fluid is controlled by capillary action,
centrifugal force and hydrophobic barriers [124]. An on-column detection is
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performed, using a scanning confocal laser-induced fluorescent detector,
integrated in the workstation. The CD contains 112 reaction chambers that
can be used for separate analysis. The etched chambers and capillaries are
covered with a lid to avoid evaporation of the small volume used. The sample is loaded onto the CD via an inlet on top of the CD. A needle integrated
in the workstation is used for dispensing the sample from a 96-well plate.
The sample is then loaded through capillary forces. To be able to have a
well-defined volume, a hydrophobic barrier is used to fill up 20 or 200 nL
chambers. Centrifugal force is used to get the sample pass these barriers.
The data that is collected from the Gyrolab workstation is processed with
the software Gyrolab viewer. The integrated values of the detected signals
can be presented as two-dimensional curves based on the sum of fluorescence intensity or as a 3D presentation of the peak based on the total integrated volume [125].
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3. Proteomics Through Mass Spectrometry

Mass spectrometry is today the most widespread and versatile technology
used to conduct proteomics research. The technique is based on detection of
molecular ions in gas phase and there is a wide variety of instruments. The
basal set up of an instrument consists of three parts: the ion source and optics, the mass analyzer and the detector. The ion source enables the formation of ions into gas phase either from a liquid sample or from a solid
surface. In the analyzer, ions are selected and separated based on their massto-charge ratio (m/z) and finally ions are detected. There is a wide range of
ionization sources, analyzers and detectors and more information of them
can be found in e.g. de Hoffmann and Stroobant [126]. There are two ionization techniques, invented in the late 1980s, that have made the fast development in mass spectrometry based proteomics possible. These two are Matrix
Assisted Laser Desorption Ionization (MALDI) [127, 128] and Electrospray
ionization (ESI) [129, 130].
Table 2. Some properties of mass analyzers used in proteomic studies [126].
Mass analyser
Mass limit (Th) Resolution Accuracy (ppm)
4000
2000
100
Quadrupole
6000
4000
100
Ion trap
>1000 000
5 000
200
TOF
10 000
20 000
10
TOF reflectron
30 000
500 000
<5
FTICR
50 000
280 000
<5
Orbitrap
In proteomics research usually one of the following mass analyzers are used:
quadrupole (Q) [131], ion trap [132], time-of-flight (TOF) [133], Fourier
transform ion cyclotron resonance (FTICR) [134] or orbitrap [135]. Mass
spectrometers have different mass limits (unit Thomsson (Th)) i.e. the maximum mass-to-charge ration that can be analyzed. There are also differences
in resolution, which is the ability to distinguish between two peaks of slightly different mass-to-charge ratios. Finally, the accuracy of various instruments differs. All these parameters are important for the ability to detect
proteins. The purpose of study and availability of instrument determines
which instrument is the best to use. High resolution can be very good but
that will generally slow down the data acquisition and thereby proteins can
be missed. Table 2 lists the most frequently used analyzers in proteomics
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together with some of their properties. The most common in proteomics is,
however, to use different combinations of analyzers, named hybrid instruments [126, 136]. In this thesis, ESI in combination with either a LTQ Orbitrap Velos Pro ETD [137] (Paper V-VII) or a Q Exactive Plus Orbitrap
[138] (Paper VI) have been used. Therefore, these will be more thoroughly
described.

Liquid Chromatography and Electrospray Ionization
A modern mass spectrometer is fairly good to separate different ions that are
introduced. However, in proteomics the sample is usually very complex with
a large number of proteins that should be detected. Therefore, a chromatographic step is introduced prior to MS analysis. The miniaturization of liquid
chromatographic systems has been beneficial for MS [139]. The sample
consumption has decreased and it has been possible for on-line combinations
of LC and ESI source. The most commonly used chromatographic material
in MS-based proteomics is reverse phase [140]. Other materials used are ion
exchange (IEX), hydrophilic-interaction chromatography (HILIC). If those
combinations do not solve the separation issue, capillary electrophoresis can
be used [141]. Reverse-phase columns are usually coupled to a HPLC or
Ultra Performance Liquid Chromatography (UPLC) systems. A great advantage using reverse phase is that the buffers used are compatible with ESI
[140]. There are a lot that can be changed to optimize the performance of the
column. Things that can be modified are e.g. dimensions of the column, the
particle size or the column can be heated [140].
For peptides, an octadecyl carbon chain (C18)-bonded silica (reverse
phase) can be used and C18 is used in this thesis. There are other variants of
the stationary phase e.g. C8, C4 and diphenyl. To be sure not to contaminate
the analytical column it is common to use a pre-column as a protective
cleaning step.
In 1988 John Fenn and coworkers for the first time showed that they
could transfer large molecules into gas-phase without breaking them [142].
Since then this is an invaluable tool in bio molecular research. ESI together
with MALDI are soft ionization techniques which means that there is very
little fragmentation of proteins/peptides during the ionization process. It is
easy to connect ESI with liquid chromatography (LC). ESI was also the ion
source used in the mass spectrometry analysis preformed for this thesis.
Figure 3 gives a schematic picture of the electrospray ionization. To generate an electrospray, a current potential is applied, typically 1-3 kV, between the spray emitter and the inlet of the mass spectrometer. This induces
a charge accumulation at the liquid surface located at the end of the capillary
and the so-called Taylor cone is formed. This will break to form highly
charged droplets. These droplets start to evaporate and are electrically accel32

erated towards the heated inlet of the mass spectrometer. During that process, the analytes (i.e. peptides) are released as gas-phase ions [126, 130].
How this works is not fully understood, but two models are proposed for the
ionization process: the ion evaporation model (IEM) [130, 143] and the
charge residue model (CRM) [130, 144]. The IEM suggests that when droplets reach a certain radius (~10 nm), the field strength at the surface of the
droplet becomes large enough and direct ion emission becomes possible. The
CRM model suggests that electrospray droplets undergo evaporation and
fission cycles which will lead to droplets that contain on average one analyte
or less. It is stressed that these are models and that not everything can be
explained by a model. For large molecules (e.g. peptides/proteins) much of
the CRM model is applicable [130].

Figure 3. Schematic picture of ESI in positive mode. Picture by Andreas Dahlin.

Orbitrap Mass Spectrometers
The Orbitrap mass analyzer was first presented 2000 by the inventor Alexander Makarov. The construction consists of an outer barrel-like electrode
and a coaxial inner spindle-like electrode which traps ions in an orbital motion around the spindle. Fourier transformation of the frequency signal is
then used to convert the image current from the trapped ions to a mass spectrum [135]. The principle behind the Orbitrap will result in a mass spectrometer with very high resolution almost comparable to an FTICR. Resolution of
280 000 at 200 m/z is achieved on the Q Exactive plus instrument. It should
although be noted that the resolution decreases with the square root of the
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m/z in Orbitrap analyzers [138]. One of the big advantages compared to an
FTICR is that an Orbitrap does not need extensive cooling as an FTICR. The
Orbitrap has a large dynamic range and deliverers high mass accuracy [137].
In a mass spectrometer the detection can be of the introduced peptides and
that is referred to as MS1. The mass spectrometer can in many cases also
fragment the peptides and then detect the fragments and that is referred to as
tandem MS (MS/MS or MS2). By introducing a fragmentation step, a more
reliable assignment of the introduced peptides will be achieved, since information on the peptide sequence is also obtained. For example, two peptides
can have very similar or the same masses, but different amino acid order.
These peptides cannot be distinguished if the identification is based on MS1.
It is possible to do fragmentation in the Orbitrap which is called all-ion
fragmentation [145]. The problem is that no separation of the ions can be
done in the Orbitrap. This is solved by hybrid instruments and in this thesis,
two hybrid instruments with an Orbitrap analyzer have been used (See Figure 4).

Figure 4. Schematic view of two hybrid instruments with Orbitrap mass analyzers.

The LTQ Orbitrap Velos Pro ETD has a linear ion trap which offers very
high sensitivity, fast analysis and has the capability to do fragmentations in
multiple levels, usually referred to as MSn. The linear ion trap consists of a
high vacuum part for fragmentation and a low vacuum part for analysis. The
fragmentation in the linear ion trap is performed with collision induced dissociation (CID). In the Velos Pro ETD version, it is also possible to achieve
fragmentation by Higher-energy Collisional Dissociation (HCD) or Electron
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Transfer Dissociation (ETD). The next important part in this hybrid instrument is the C-trap which is a bent RF-only quadrupole that is capable to
accumulate and store ions. The last part is the Orbitrap that is filled via pulses of ions accumulated in the C-trap. The Orbitrap and the ion trap can be
operated separately or in combination. The Orbitrap has much higher resolution but has due to that slower acquisition. The aim of the study determines
the best way to operate the instrument. Speed and resolution are important
factors but are difficult to combine in a ultimate way and compromises have
to be done [137].
In a Q Exactive Plus, the linear ion trap is exchanged with a quadrupole
which gives a very fast mass selection and in combination with HCD the
detection and fragmentation occur more or less simultaneously. There is no
possibility to do MSn fragmentation in a Q Exactive Plus. The quadrupole
cannot work by itself which means that this instrument always will work as a
unit. Another feature on the Q Exactive instrument is that multiplexing up to
10 times can be done both in MS and MS/MS. In multiplexing, precursors or
fragments are selected from an inclusions list, stored and finally analyzed
simultaneously in the Orbitrap. This is possible due to the storage capacity in
the HCD cell and the fast selection in the quadrupole [138].
Q Exactive is an excellent instrument for targeted analysis and was the instrument chosen for the analysis in Paper VI.
In a Q Exactive Plus, the linear ion trap is exchanged with a quadrupole
which gives a very fast mass selection and in combination with HCD the
detection and fragmentation occur more or less simultaneously. There is no
possibility to do MSn fragmentation in a Q Exactive Plus. The quadrupole
cannot work by itself which means that this instrument always will work as a
unit. Another feature on the Q Exactive instrument is that multiplexing up to
10 times can be done both in MS and MS/MS. In multiplexing, precursors or
fragments are selected from an inclusions list, stored and finally analyzed
simultaneously in the Orbitrap. This is possible due to the storage capacity in
the HCD cell and the fast selection in the quadrupole [138].
Q Exactive is an excellent instrument for targeted analysis and was the instrument chosen for the analysis in Paper VI.

Sample Preparation
One crucial step in successful mass spectrometry proteomics is sample preparation. Proteins can be small like insulin composed of only 51 amino acids
up to Titin which is the largest known protein with up to ~33,000 amino
acids. The sample preparation depends on the purpose of the study and how
the sample will be introduced to the mass spectrometer. Here some of the
most common ways of sample preparation for introduction with ESI will be
described. A protein of interest can be found in many kinds of sample matri35

ces such as body fluids (plasma, sera, urine etc.). The sample can also be any
kind of tissue, but then some kind of extraction has to be done to have the
proteins in liquid form before being introduced into the mass spectrometer.
There are basically three different ways of analyzing proteins and those are
Bottom Up/Shotgun [8], Top Down [146], and Middle Down [147] proteomics (See Figure 5).

Figure 5. Three different ways of protein analysis using mass spectrometry. The
protein can be either analyzed intact (top-down) or it can be proteolytic digested. In
middle-down the protein is digested to give larger fragments. In bottom-up the sample is digested with e.g. trypsin that generates relatively short peptides that are analyzed.

Bottom Up or shotgun proteomics is the outstanding most used mass spectrometry based method for proteomic studies and is used in Paper V and
VI. This method is based on chemical or enzymatic digestion of proteins
before introduction into the mass spectrometer. The resulting peptides are
detected and then an extensive data processing is needed to identify and
connect the peptide with a protein. The most common way to digest proteins
in front of a shotgun analysis is to use trypsin, which is used in Paper VVII. It has been pointed out that the major focus on tryptic digestion hampers the proteomics research [148]. An example is that 257 human proteins
(isoforms not included) do not produce any tryptic peptides [16]. An overwhelming part of all shotgun studies have been conducted with the aid of
trypsin, but there are a lot of other proteases that also could be used for digestion. The most used proteases, except for trypsin, are Lys-C, chymotrypsin, Glu-C and pepsin [148]. Digestion can either be done in-solution, in-gel
or on-filter.
A small protein like Insulin would be possible to analyze using a mass
spectrometry method called Top Down where the intact proteins are injected
to the mass spectrometer [146]. It is challenging to conduct Top Down pro36

teomics and it can be really difficult to analyze many proteins of different
sizes in a complex mixture like plasma compared to analyze a small pure
protein. Top Down can be a good method for PTM analysis, but so far this
application is not that much used due to the complexity to run it. Top Down
lag behind Bottom up when it comes to throughput, sensitivity and proteome
coverage.
Middle Down is also based on digestion but, with a protease producing
larger peptides. This method is used as a complement to Top Down analyzing larger proteins from antibodies (~150 kDa) and above. These kinds of
proteins can be really difficult to analyze using Top Down and a lot of information about structure and post translational modifications could be hidden analyzing the sample with Shotgun [147].

Data Handling
After analysis there are a large amount of spectra that have been collected.
To be able to identify the amino acid sequence of the mass spectrometer
analyzed peptides, the amino acid sequences of the proteins are downloaded
from a protein database, like Uniprot. If the sequence is not known, the identification step is much more complicated and this is why large scale sequencing of genomes has had a big impact on the development of proteomics. If
the amino acid sequence is unknown, the much more time consuming de
novo peptide sequencing must be conducted [149]. When the sequences are
downloaded an in silico digestion is done and then a comparison with the
mass spectrometry data can be performed. To do this there is a growing
number of search algorithms that can be used, such as SEQUEST [150],
MASCOT [151], MS Amanda [152], X! Tandem [153], Andromeda [154],
MS-GF+ [155] and Byonic [156]. To increase the number of correctly identified peptides and thereby decrease the false discoveries, different algorithms like Percolator [157] or peptide decoy peptide spectrum match (PSM)
validation [158] are used. The first one is a self-learning iterative process to
validate PSMs as correct or incorrect. The peptide decoy does this by just
reversing the peptide sequence and use this false “decoy” sequence as comparison to find incorrect results in e.g. a SEQUEST search. This falls back
on what is crucial in both mass spectrometry based as well as affinity based
proteomics assays, i.e. sensitivity and specificity. Sensitivity is defined as the
ability to deliver a positive test result with high probability i.e. low number
of false negative answers. High specificity in a method is defined as the ability to measure the true negative i.e. low number of false positive.
In the last decade there have also popped up many different databases for
searching and sharing proteomics data. These may originate from different
human proteomics initiatives such as the Human Proteome Project [159], the
Human Protein Atlas project [17], ProteomicsDB [16], Human Proteome
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Map [15]. Then there are also more general search tools for proteomics research such as neXtProt [160], NCBI [161] and the most used database for
this thesis, UniProt [14]. There are also many different databases exclusively
for mass spectrometry based proteomics data. In these databases you are
encourage to deposit your data set and you are also free to reuse the data for
new searches. Examples of these kind of databases are GPMDB [162],
PaxDb [163], PeptideAtlas [164], PRIDE [165]. ProteomeXchange [166] is a
consortium started with the intention to make it easier to share mass spectrometry data. They support infrastructure to make the upload of data easier
and both shotgun as well as targeted proteomics data can be shared via this
portal. This is a very good initiative due to the fact that the number of different databases will make it very time consuming to get a full picture of the
proteomics research today. Even if several of the mentioned databases store
data from different species and most of them have references to each other,
there is today no single source that can be used for a complete proteomics
data search. Within this area there is a lot to do in order to facilitate effective
research. If one could use only one portal for protein search and comparison
between species it would contribute to the whole research community. Another problem related to this is all the different file formats that exist and the
lack of a common consensus of how the data analysis including the statistical analysis should be conducted. This lack makes it virtually impossible to
make direct comparisons between studies.

Mass Spectrometry-based Quantitative Proteomics
Quantification can be conducted in two ways, either as relative comparison
between samples or as an absolute determination of the protein amount in
the sample. Quantification in proteomics is not new but there has been a
tremendous development of mass spectrometry-based proteomics the last 15
years. In 2005 Ong and Mann published the review article “Mass spectrometry-based proteomics turns quantitative” and they could not have been more
correct [167]. The last decade there has been an explosion of publications
regarding mass spectrometry-based quantification. This is a very expansive
and diverse area of proteomics, showing the importance of having quantitative methods. There are a very large spectrum of methods described and for
the interested reader there are very good review articles covering most of
this field [168-173]. In this thesis one of the studies (Paper VI) is a contribution to targeted absolute quantification. In Figure 6 workflows for the
different approaches are presented. There are differences in when and if a
labeling procedure is introduced. If the labeling is done in the cell or tissue,
the sample preparation is the same for all samples, which will limit the variation between the samples. The later the samples are combined, the bigger
38

impact of sample preparation and variance between the samples. This will
increase the risk of a less accurate quantification.

Figure 6. Workflows for various quantitative strategies in mass spectrometry-based
proteomics. Blue and yellow represent samples to compare. Dashed lines shows
where variation can be introduced. Horizontal line marks when samples are combined. (A) indicates that full-length proteins are used as standard and (B) indicates
that peptides are used as standard. (Adapted from [167, 168])

Label-free Quantification
Label-free quantification is widely used due to the fact that it does not include any extra cost of reagents and it is easy to include many samples for
comparison. Label-free quantification consists of two different strategies for
relative quantification of proteins in different samples. The methods are either based on the number of peptide spectrum matches (PSMs, spectrum
count) [174] or peptide signal intensity (or peak area) [175, 176]. Spectrum
count has been questioned because the quantification is based on counting
the number of acquired spectra rather than measurements of physical data
[168]. Methods based on peptide signal intensity need specialized software
for data handling which makes this approach more laborious. Label-free
quantification is a cost effective method to get quantitative data from large
data sets. Studies have shown that label-free methods compared to quantitative labeling methods have the larger dynamic range and higher proteome
coverage [177-179]. In a discovery phase of a project, label-free quantification it can be useful to select a smaller number of candidates that could be
further studied. There are also label-free methods for absolute quantification.
To be able to do this, a different kind of data normalization is needed. Different methods and their advantages and disadvantages have been reviewed
recently [168, 170].
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Stable Isotope Labeling Strategies for Relative Quantification
Stable isotope labeling of amino acids is another approach to get quantitative
data out of a mass spectrometry analysis. These techniques give added value
compared to label-free quantification. The principle behind this is that there
is a “light” unlabeled form and a “heavy” labeled form of the peptides in the
sample that will be analyzed. The labeling is done with non-radioactive isotope labels such as 13C, 15N, 2H and 18O, with the two first most used. Deuterated peptides can separate in reverse-phase chromatography and therefore
13
C and 15N are preferred [180]. The ionization efficiency of them is the same
for both forms. This will give the same response signal, except a mass shift
that can be detected in the mass spectrometer. There are several methods
available that are based on stable isotope quantification in proteomics. There
are four categories of which mainly the three first are used today. They can
be classified as (I) metabolic incorporation of the labeling, (II) chemical
introduction of an isotopic tag into proteins or peptides, (III) spiking in an
isotopically labeled analog, (IV) introduction (18O) through an enzyme during the digestion of the protein [167]. To get a good separation of the analogs in a mass spectrometer, a mass shift of at least 3- or 4-Da is needed in
order to minimize quantitative errors due to isotopic overlap. In this thesis
the spiking of isotopically labeled analog have been used and will be further
discussed below.
In metabolic labeling, the isotopic labeling is introduced to whole cells
through the growth medium. Ong and co-workers presented 2002, the method stable isotope labeling of amino acids in cell culture (SILAC) as a relative
quantitative method [181]. The most common is to label arginine and lysine
(13C, 15N), which will ensure that all tryptic peptides will have at least one
labeled amino acid [168]. Chen et al. has recently published a thorough review of SILAC [182].
Another way of labeling is to use some kind of chemical labeling. The
first method that was presented using isotopic labeling was isotope coded
affinity tags (ICAT) [183]. This method is based on labeling cysteines. Dimethyl labeling is a cheap and fast labeling method [184] that can also be
multiplexed to 3-plex [185]. The last two chemical labeling methods that
will be mentioned are isobaric tags for relative and absolute quantification
(iTRAQ) [186] and tandem mass tag (TMT) [187]. These two methods are
also performed at peptide level and primary amine residues are the labeling
targets. These methods have much better multiplexing abilities compared to
other chemical labeling methods, iTRAQ can be multiplex up to 8-plex
[188] and TMT up to 10-plex [189]. All of mentioned methods need sophisticated software for the data analysis. The analysis can be very complex and
that's also a limitation for this kind of methods.
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Stable Isotope Labeled Standards for Absolute Quantification
Absolute quantification of peptides (and thereby proteins) can be achieved
by addition of stable isotope-labeled reference standards with known absolute quantity. [190, 191]. A comparison of the MS signal intensities of the
endogenous peptides and the corresponding standard peptides gives the absolute concentration of the protein of interest.
There are several kinds of standards that can be used, both full-length proteins, protein fragments and peptides. In 2003, Absolute QUAntification
(AQUA) [191] was presented and after that more methods have followed
based on stable isotope labeling. AQUA´s are synthetic heavy isotope labeled peptides that are commercially available from several different vendors. Although quite expensive this reagents is widely used and particularly
in combination with targeted approaches such as SRM, see targeted absolute
quantification [168]. One problem with AQUA peptides is that they are
spiked into the sample after the digestion and thereby the digestion efficiency could affect the quantification. Another approach is QconCAT [192],
which uses recombinant DNA techniques for construction of concatenated
peptides. These constructs can then be expressed in stable isotope-labeled
form in a suitable host e.g. E. coli.
To be able to include standards as early as possible, there are also methods
that use full-length proteins, such methods are PSAQ (for protein standard
absolute quantification) [193], absolute SILAC [194], FlexiQuant (for FullLength Expressed Stable Isotope-labeled Proteins for Quantification) [195]
and RISQ (for recombinant isotope labeled and selenium quantified) [196]. In
this thesis, a recently launched type of regent called QPrEST [197] was tested
in a targeted approach (Paper VI). The very well characterized PrESTs from
the HPA project were expressed with heavy labeled (13C, 15N) arginine and
lysine. QPrESTs have been used in a SILAC approach to determine the protein copy numbers of proteins in HeLa cells [197] and murine platelets [198].
QPrESTs are not full-length proteins and are therefore not suitable to be added before protein fractionation as full-length proteins can be. On the other
hand, they are easier to express than full-length proteins and less expensive.
Another advantage of QPrESTs is the large library of well validated constructs, covering > 80 % of the human protein-coding genes. This means that
the construct is already validated and ready to use. Which is not the case for
QconCAT where the construct has to be constructed. Added to that, the
QPrESTs have a much larger similarity to the full-length protein than a
QconCAT construct, which will give a more comparable digestion. In Paper
VI, we showed the possibility to use QPrESTs for other animals, not restricted to human samples. All presented standards have their advantages and disadvantages and which of them that will be used as “golden standard” is still
unclear and at least some of them will be used in parallel due to different
properties useful in different kinds of quantification studies.
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Targeted Absolute Quantification
Mass spectrometry quantification of proteins is today based on two acquisition modes. In a shotgun set up, the instrument is operated in a datadependent acquisition mode (DDA). This means that the precursors (peptides) with the highest intensities are chosen for fragmentation as they elute
from the LC system. This can e.g. be used in a discovery phase to be able to
detect as many proteins as possible. If a targeted approach is desired, the
acquisition mode is referred to as data-independent acquisition (DIA). A
DIA approach is based on a pre-selection of the peptides that are attached as
an inclusion list in the instrument method. A targeted approach will be more
sensitive, especially for low-abundant proteins [168].

Figure 7. Selected reaction monitoring (SRM) in a triple quadrupole.

The most commonly used method for absolute targeted MS is multiple or
selected reaction monitoring (MRM or SRM) in combination with stable
isotope labeled peptides. Triple quadrupole (QQQ) is the instrument used in
such analyses. The digested sample is introduced by a nano-LC system to the
first quadrupole (Q1) that does a selection based on the m/z of a precursor
from an inclusion list. The precursor is fragmented in the second quadrupole
(Q2) and finally one or several of the fragment ions are detected in the last
quadrupole (Q3) [171], Figure 7. Each such precursor-fragment pair is called
transitions. SRM can be multiplex up to 1,000 transitions per run if a timeschedule SRM method is used. Time-scheduled SRM means that the inclusion list also contains a retention time window. This helps focusing the instrument on correct targets which will save instrument time for other transitions to be measured. To build a SRM method is usually time consuming due
to the fact that transitions have to be selected. A good transition include a
good peptide and that peptide should give a nice fragmentation pattern. To
do this, selection can be based on in-house data of the analytes in form e.g.
shotgun runs. There are also growing resources of publically available MS
databases that can be helpful to find a good peptide for the quantification.
Such resources can be the earlier mentioned GPMDB [162], PaxDb [163],
PeptideAtlas [164], PRIDE [165] or ProteomeXchange [166]. Such resources can also be specialized databases for already established SRM methods such as SRMAtlas [199], MRMaid [200], MRMer [201] and MaRiMba

42

[202]. SRM is a widely used method but the time to set up a method can be
an obstacle even for an experienced laboratory.

Figure 8. A PRM set up has similarities to a SRM analysis but also advantages.
These are higher resolution and a full MS/MS acquisition. The full MS/MS means
that the fragment selection can be performed post- acquisition.

In this thesis a recently presented approach for targeted quantification was
used for quantification of feline insulin-like growth factors and two of their
binding proteins (Paper VI). The method has been known as parallel reaction monitoring (PRM) and instead of a triple quadrupole instrument, a Q
Exactive instrument is used for the analysis (a QTOF could also be used)
[203-205]. The selection is also done in a quadrupole, but the fragmentation
is done in a HCD cell. Finally the fragments are detected in an Orbitarp analyzer. The Q Exactive instrument gives the advantage, that instead of a few
fragments detected, a full MS/MS spectrum is collected, see Figure 8. Which
allows selection of fragments for the quantification to be done postacquisition. This will save time during method development, because no
specific transition has to be selected. There is, however, still need of a thorough selection of good peptides (precursor) which have to be established by
in-house runs or the use of public database searches. Method optimization is
also needed for several parameters such as automatic gain control (AGC),
maximum inclusion time, resolution, isolation window and normalized collision energy (NCE).
A crucial part of the work with all types of mass spectrometry is the data
analysis and targeted absolute quantitative MS is no exception. Rather, it is
even more important in order to get a final result that is satisfactory. In this
thesis an open-source software called Skyline [206] was used for the PRM
data evaluation. It has been shown that PRM is capable to give limit of quantification in the low attomol range [207].
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Targeted Protein Quantification – Mass Spectrometry versus
ELISA
Targeted protein quantification has for a long time been done by ELISA,
which still is the “golden standard” much due to a very good sensitivity. An
obvious drawback with ELISA is the very long time for development of a
new assay. A really sensitive ELISA is dependent on two very well validated
antibodies. Another drawback is the lack of multiplexing abilities. SRM has
been shown to routinely reach limits of detection at low attomol or ng/ml
level [208, 209]. PRM has been shown to have limit of quantification in the
low attomol range [207]. This is still not enough if e.g. interleukins in the
low pg/ml level is to be measured [7]. However, there is a very good potential that, in a near future, this can be achieved due to the fast instrument progress that have been seen the last decade [210]. This means that MS targeted
quantification is closing in on ELISA. Leigh Anderson points out, flow
through as a very important aspect regarding MS based quantification compared to ELISA [210]. Today it is laborious and time consuming to analyze
many samples with MS even if that analysis can give multiple answers for a
large number of analytes. In ELISA it is the opposite. It is fairly doable to
measure thousands of samples, but without multiplexing of analytes. To
analyze 10 proteins in 10,000 samples with MS are simply not done due to
cost and time. Anderson claims that he has a solution for the slow sample
processing in MS. That would be automation and the use of a method he was
one of the inventors of, SISCAPA. The application Anderson present, also
circumvents the use of chromatography, simply because the sample complexity is reduced that much, there is no need. This shows one possible way,
how to get the MS analysis into the clinical lab. There will for sure be more
similar applications presented the coming years.
A well-defined biomarker discovery project based on MS could be outlined as follows. It would involve a discovery phase with shotgun runs and
in this discovery phase it would be beneficial to include low-cost methods
such as relative and label-free quantification to be able to reduce the number
of candidates. Next step would be a hypothesis driven targeted quantification
with some kind of isotopically labeled standards used as internal reference,
preferably PRM or SRM. For an orthogonal verification of the findings,
protein arrays, ELISA or Western blot, could be used. Even with a welldefined study set up, the path from idea to a clinical useful biomarker is long
[211, 212]. This work has to be faster and more streamlined. With the enormous method developments that have been done the last two decades in proteomics there is a very good opportunity to make that change. It has to be
done in an international community to be able to set up routines and validated workflows that can be used and evaluated by the whole community. Another crucial step is the infrastructure for data handling and data comparison.
This will be the greatest challenge for the next two decades.
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4. Affinity Enrichment and Depletion
Combined with Mass Spectrometry

Combining affinity and mass spectrometry based proteomics can be beneficial in many ways. Verification of proteomics results is crucial. If it is possible to reproduce the results with both mass spectrometry and affinity based
methods, the evidence for a correct observation is much more likely than
produced by only one of them. Such verifications are truly orthogonal, which
means that they are based on a completely different principle of measurements. Running a Western blot is not an orthogonal verification of an antibody array experiment, but it is orthogonal to a MS analysis. To reproduce
the result with the same type of analysis is also valuable but does not give
that much extra evidence that the findings are true discoveries.
Another way to take advantage of these two fields of proteomics is to
combine them to get a better coverage or to get much more distinct results of
the analysis. The dynamic range of protein concentrations is large in body
fluids, up to 12 orders of magnitude [7]. This is a challenge both for mass
spectrometry and affinity proteomics. LC-MS/MS analysis of a digested
blood plasma sample will not cover the whole proteome. To produce an antibody array that could do so would be extremely expensive and a specificity
of such a large setup can really be questioned.

Multiple Fractionation in Front of Mass Spectrometry
To be able to increase the coverage in mass spectrometry, there is a huge
number of applications that have been tested and published and some of
them will be summarized here. Many of them combine immunoaffinity and
mass spectrometry, to take advantage of their strengths. Another way to deal
with this issue is to combine two different LC methods in front of MS referred to as 2D-LC or a combination of SDS-PAGE with an ordinary reversed phase-high-performance liquid chromatography (RP-HPLC). A widely used technique is 2D gel and the combination with MS has made it possible to more accurately determine which protein there is in a certain spot. 2D
gels were used long before MS was the analytical application of choice for
proteins and is still a popular application [213]. For large scale proteomics
studies the combination SDS-PAGE or 2D-LC is more common. In an SDS45

PAGE set up the sample is separated on the gel and the gel lanes are divided
in smaller pieces and an in-gel digestion is done and finally analyzed in an
ordinary reversed-phase LC-MS/MS. In a 2D-LC set up the first LC separation is done off-line and the collected fractions are then analyzed in an ordinary reversed-phase LC-MS/MS. In one study a comparison between offline RP-HPLC, strong cation exchange HPLC (SCX-HPLC) and SDS-PAGE
followed by an ordinary on-line RP-HPLC was done [214]. The conclusion
was that there are advantages and limitations for all tested combinations and
that the easiest and most cost effective was the gel based approach. This
statement holds for much of the proteomics applications, that there is no
universal application that can solve all proteomic challenges. The methods
have to be selected according to a specific study and according to the equipment available and funding.

Immunoenrichment and High Abundant Protein
Depletion
The methods mentioned above are not protein specific in any way and the
separation is done in a more general fashion. This can be an advantage in
e.g. a discovery study when as many proteins as possible is the aim. If one
would want to have a selection of a specific protein or a sub group of proteins, an affinity approach could be one way to handle this. There is a large
number of methods where this is applied. One has to be aware that the selection will not be any better than the specificity of the affinity binder that is
used. I will come back to this issue but there is an ongoing debate about the
quality of the enormous amount of antibodies and other types of affinity
binders that are available for the research community [25-27, 66, 78-81].
Using affinity reagents to enrich or deplete samples in front of a mass
spectrometry analysis can be conducted in several different ways. It can be
in form of a single protein enrichment or depletion. It can be also be an enrichment/depletion of several analytes. There are many different methods
and there are also a lot of suppliers of different assay kits which makes it a
challenge to find an assay that really works effectively. The cost of a kit can
be significant, but that does not automatically mean that it will produce a
desired result. The enrichment may be conducted either on protein or peptide
level. The enrichment strategy determines which characteristics an antibody
should have. If the enrichment takes place at the protein level the antibody
should be able to bind epitopes of the intact protein and should therefore
preferably be produced against a full-length protein.
Immunoprecipitation as mentioned above is one way of doing enrichment. In this method, an antibody is immobilized onto a solid support. In a
validated assay it specifically binds the targeted protein, thus concentrating
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the protein [215]. This fraction can then be analyzed with LC-MS/MS either
directly or after an SDS-PAGE run as was done in Paper V. Nelson and coworkers 1995 presented a setup, which they referred to as mass spectrometric immunoassay (MSIA) where they did IP followed by MALDI-MS identification [216]. If the enrichment instead is done on peptide level there has to
be anti-peptide antibodies produced. Anderson et al. have presented a concept called stable isotope standards and capture by anti-peptide antibodies
(SISCAPA) [217]. Enrichment has also successfully been used in the exploration of post-translational modifications. More about enrichment strategies
both for proteins, peptides and PTMs can be found in Weiss et al. and Zhao
& Jensen [23, 218].
A device of interest when talking about enrichment is the integrated selective enrichment target (ISET) which first was presented by Ekström and coworkers in 2004 [219]. With this device all sample preparation including
enrichment, digestion and washing can be done in the same place minimizing the losses. Finally the analysis with MALDI can be done directly on the
device. The format of ISET makes it possible to integrate it into a robotic
handling system [219, 220].
There are also more global approaches for protein or peptide enrichment.
For intact proteins hexapeptide combinatorial ligand libraries can be used
and theoretically they should be able to bind a complete proteome [221].
This is a bead based system where the ligands are immobilized on beads and
the sample that is to be enriched is added. The principle is that abundant
proteins rapidly saturate their binding sites and the rest is washed away. Low
abundant proteins are instead concentrated on the binding sites and the overall dynamic range of concentration is reduced.
For peptide enrichment there are two similar concepts that have been presented in the last years. Those are Global Proteome Survey (GPS) [222, 223]
and Triple X Proteomics (TXP) [224, 225]. These two methods are based on
binders that can capture short peptide motifs (3-6 amino acids). The motifs
are selected using bioinformatics tools and they are shared by a few up to
hundreds of proteins. In the GPS method synthetic peptides are generated
and the context-independent motif specific (CIMS) antibodies are expressed
using a large human recombinant antibody phage display library. In TXP the
antibodies are expressed as polyclonal antibodies in rabbit. The idea to use
motifs recognized by more than one protein is that the number of capture
reagents needed to cover a proteome is reduced and it will also create a species independent enrichment method. When the antibodies are produced they
can be used for capturing of peptides from a digested sample. A big drawback is that there is mainly one peptide for each protein that are detected
which puts demands on the post-analysis to lower number of false positives.
The concept is promising and it will be interesting to see how these techniques evolve.
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There are a number of different capture agents used in the high abundant
protein depletion kits found on the market. Most dominantly are antibodies
and IgG are the most used, there are also hen antibodies (IgY), affibodies,
Protein A and G, Cibacron blue and Blue Dye [226-230]. The antibody
based should be more specific and more effective than the ones based on an
affinity matrix for target removal. The antibody based assays are reported to
deplete from 95 up to 99% of the targeted proteins, while the other reports
depletion between 80-95% for human samples [226]. Albumin is the most
dominant protein in human blood plasma and account for about 50% of the
total content of plasma proteins [231]. There is a risk that proteins that are
not supposed to be depleted anyway are depleted due to nonspecific binding
or bound to depleted proteins [232, 233]. This means that the depletion not
necessarily has to be that reproducible. High abundant protein depletion is
not a particularly good tool for quantitative proteomics, then a specific selection of one or a number of proteins will be targeted and that is a better
choice. The capture agents are immobilized on agarose beads or similar material. The assays are based on spin columns, gravity columns or LCcolumns depending on the manufacturer and the throughput and amount of
sample that have to be handled. The number of proteins that can be depleted
with different assays varies from one (albumin) up to 20 of the highest abundant proteins in human blood plasma [234]. Even if there are restrictions of
the effectiveness and reproducibility by using high abundant protein depletion kits the complexity of the sample will decrease. This will be helpful in
detection of more proteins and specific proteins that cannot be detecting by
e.g. multiple fractionation. Assays are developed for human blood plasma
but they have been used for human CSF [235, 236] and there are also publications where assays have been used for depletion in other species [237,
238]. For the model animal rat and mouse there are specific assays developed [239, 240].
In this thesis high abundant protein depletion was used in combination
with SDS-PAGE and MS analysis in Paper VII as an effort to improve the
coverage of dog cerebrospinal fluid (CSF) proteome. High abundant protein
depletion in combination with SDS-PAGE [235] and SCX-HPLC [236] has
been successful in the mapping of the human CSF proteome. The aim of the
dog study was to investigate if it was possible to use depletion assays developed for human or rat blood plasma sample on dog CSF. The study showed
that it is possible to use the tested protein depletion kits for dog CSF sample.
All four tested kits could deplete dog proteins, but the efficiency varied. The
best performing kit showed a very good improvement for proteins with similar molecular weight as albumin and a total of 75 more proteins were found
in that fraction using the depletion kit. This clearly shows that there is a value to use depletion to uncover more of different proteomes.
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5. Contributions to the Field

When the HPA project started in 2003, dot blot was set up as the standard
method for validation of the specificity of the produced antibodies. This was
not an optimal way to test the specificity. Therefore, in order to obtain a
more reliable method, an antigen microarray was introduced. Figure 9 shows
an antigen array consisting of 384 antigens compared with the dot blot set
up. The development of the protein microarray accelerated during 2004.
After a thorough discussion about the robustness of the antigen microarray
as a validation tool it was implemented. Antigen microarrays were the foundation of my work at KTH and a continuous development of both the
equipment and the assay itself was performed.

Figure 9. Dot blot compared with the antigen microarray used today in the
HPA project.
In 2013 I was given a fantastic opportunity to broaden my knowledge within
the proteomics field. I got the chance to learn about mass spectrometry based
proteomics. I thought that some of the knowledge from my chemical engineer education could be useful. The answer is a very weak yes, a really tiny
part was useful. The rest was totally new. It has been a challenge to get into
mass spectrometry based proteomics in about two and a half year. It has
been very exciting years because I have learnt how powerful and useful mass
spectrometry can be in the proteomic research. I have only started to scratch
on the surface of what is possible to do with mass spectrometry. However, I
have been able to show that mass spectrometry can be a useful tool in animal
proteomics both as a discovery and a quantification tool. The proteomics
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field is a fast growth with new achievements reported every day. It has been
a privilege to be a small part of it both from mass spectrometry and affinity
based proteomics.

Validation of Affinity Reagents – Using Antigen
Microarrays or Mass Spectrometry
In Paper I-III, three approaches used to test the specificity of the HPA produced antibodies are presented. In Paper I the antigen microarray was used
and that was the method used in the HPA project. The antigen microarray
has the advantage that it can theoretically be scaled up to thousands of proteins immobilized and the printed microarrays were stable for long time. The
CD based platform in Paper II gave a more differentiated picture of the
specificity of the antibody. The bead based approach in Paper III was proven to be very flexible in the sample handling and combination of antigen.
The use of PrEST based microarrays for antibody validation proved to be a
very good tool and the approved antibodies were functional to a large extent
in both immunohistochemistry and in immunofluorescence. The choice of
planar arrays as the preferred analysis tool in the HPA project was based on
two parameters. Cost and that the workflow was already established when
the two other applications were set up. The Gyros system should not have
been applicable in the high-throughput of the HPA project. The bead based
system could have worked and should most likely have been easier to set up
in a more streamlined and automated fashion than the planar arrays. Cost
could have been higher due to the cost of beads. Planar antigen microarrays
are working horses in the HPA project and have been a valuable validation
tool of the produced antibodies. To increase the flow through and give a
more accurate estimate of the specificity, the microarrays were later in the
project scaled up to 21 sub arrays, consisting of 384 antigens, in one slide.
The use of protein arrays for antibody specificity validations have also been
reported by other groups as an effective approach [241-245].
Paper IV is about the usefulness of the in HPA developed antigen microarray, in a broader perspective. The antibody validation presented in this
article was a part of the SH2-consortium [38]. This consortium was established to explore the prospects of a systematic development of high-quality
antibodies to human antibodies. Most SH2 domain-containing proteins are
recruited to phosphorylated tyrosine sites and are thereby deeply involved in
cell signaling [246-248]. To have well validated renewable affinity binders
for these proteins would be highly valuable for the research community.
In the study presented, the planar antigen microarray was further developed to be used as a validation tool for other kinds of affinity reagents, produced externally. In the study, three different kinds of affinity reagents were
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included; mono-specific HPA antibodies, mouse monoclonal antibodies and
recombinant single-chain variable fragment (scFv) that were produced by six
different academic laboratories. A protein microarray was constructed including, 105 SH2-antigens and 301 non-SH2 proteins. Twenty of the SH2antigens were produced by the Structural Genomics Consortium (SGC)
[249] at Karolinska Institute. The functionality of the PrESTs was known,
while the behavior of the SGC proteins was unknown. When the affinity
reagents were tested, it was shown that the SGC proteins could be printed in
the same way as the PrESTs and their functionality was equal to the PrESTs.
All in all, 398 affinity reagents were tested, of those about 50% had a
binding profile with highest signal for the targeted antigen. Only 10% had no
or low signal for the intended antigen while reactivity against other antigen
could be detected. This study clearly showed that it was possible to use the
HPA antigen microarray for testing of other binders than in-house produced.
It was also shown that it was possible to include antigens produced in a different workflow. Further validation of the antibodies with e.g. immunoprecipitation followed by MS could have revealed if the binder that could distinguish between ABL1 and ABL2 was as specific as indicated.
In Paper V, 13 antibodies that were developed to target the steroid hormone receptor, Estrogen receptor β, were validated using three different
assays. A first screening was done using tissue microarray which resulted in
that only three of the antibodies (PPZ0506, 14C8 and PPG5/10) were further
analyzed, using Western blot and IP-MS. A clinically used antibody targeting Estrogen receptor α was also tested as a positive control. I was responsible for the mass spectrometry analysis of the antibodies. The mass spectrometry analysis resulted in the fact, that only PPZ0506 confidently bound Estrogen receptor β. For the antibody 14C8, Estrogen receptor β was only
found in a search against a smaller set of ER related proteins i.e. a more targeted search. Instead 14C8 seems to target a protein from the POU transcription family. The antibody PPG5/10 is an antibody that has been used in numerous publications. In our hands it showed a very unspecific behavior
when tested in IP-MS. No detection of the correct protein could be recorded,
but over 40 other proteins were detected in the two runs that were conducted.
Eleven of these antibodies were commercial antibodies, many of them used
in different ERβ publications. This, once again, shows how difficult it can be
to find really good antibodies on the market. As have been said before, there
are many examples of studies that have shown large unspecific behavior of
commercial antibodies [76, 77] or studies that have been spoiled by bad antibodies [74]. In this study we showed that a combination of IHC, WB and
MS was a powerful tool to investigate the specificity of commercial antibodies. The methods gave consistent results of the tested antibodies. A bad performing WB resulted in an as bad MS analysis using the antibody.

51

Mass Spectrometry as a Tool in Animal Proteomics –
Supported by Affinity-based Applications
There is a growing interest in animal proteomics, not only from veterinary
researchers. This was reflected at the last HUPO conference in Madrid,
Spain, where Non-Human and Food Proteomics for the first time had an own
session. Animal proteomics will have a big impact also for humans since
there is a lot of model organisms used in the study of human diseases. Some
examples are dogs with similar diseases as humans such as neurological
related diseases and Alzheimer´s disease [250-252]. Then there is the wellknown use of mouse, rat, zebrafish as model animals for studies of different
human diseases [253-255]. Another large field is farm animal proteomics
[256-258]. A better understanding of the model animals and the animals that
we have a close relation to would benefit both areas. Proteomic studies can
uncover both differences as well as similarities. The explosion of assays and
reagents in the affinity proteomics field that have been seen the last decade
for humans, have not been witnessed in animal proteomics. When affinity
assays are used within the animal proteomics field, it is common to use human developed assays adapted for animal use. This can be successful but
there are huge challenges to handle in human affinity proteomics and it will
not be any easier trying to adapt for animal use. Mass spectrometry is already used in animal research and could be used even more. A combination
with affinity proteomics will be useful in many ways. It can be used for large
scale discovery studies, where both applications are used to get a better coverage. It can also be used as a validation tool, to verify that the used assay
actually gives a correct answer. The usefulness of mass spectrometry in animal proteomics was investigated in Paper VI and VII.
A targeted absolute quantification mass spectrometry-based approach was
investigated in Paper VI. Targeted quantification of proteins has been done
with ELISA for a long time and is regarded as the “golden standard”. This is
also true for veterinary practise but the problem is that there are few specific
ELISA assay for animals. This can create problems with unspecific binding,
with measurements giving too high or too low values. Paper VI demonstrates the applicability of a parallel reaction monitoring (PRM) method using QPrESTs for quantification of four feline serum proteins. PRM uses a
high-resolution Orbitrap MS instrument (Q Exactive Plus) for the targeted
analysis. We could show excellent quantitative sensitivity (in low femtomol
range) and selectivity for all four growth hormones. A good correlation with
the golden standard ELISA method was proven. Further, it was shown that
the QPrEST, developed to mimic human proteins, can also be used in animal
proteomics as internal standard. The study shows that a targeted quantitative
mass spectrometry based method can be a valuable tool in the veterinary
research.
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In Paper VII, the aim was to investigate if high abundant protein depletion columns developed for human/rat sample could be useful in mapping
the dog cerebrospinal fluid (CSF) proteome in combination with mass spectrometry analysis. CSF was chosen because there is a long tradition of analysis of this body fluid in the context of neurological diseases in the department. Dogs can have similar neurological diseases and are therefore used as
model animals in e.g. Alzheimer´s disease [252]. It would therefore be beneficial to have a better knowledge about the dog CSF proteome. Today only
811 proteins of the estimated 25,485 proteins in the dog proteome are reviewed in UniProt. The rest of them are, to a large extent, homology estimations. There is a lot more to learn about the dog proteome! In the study, a
total of 983 proteins were detected, of which 801 proteins were marked as
uncharacterized in UniProt. It was shown that all of the tested columns were
able to deplete proteins. There were large differences between the columns.
The best performing column, regarding the number of detected proteins,
repeatability and ability to deplete the targeted proteins, was antibody-based.
The largest effect with this column was seen for proteins of similar size as
albumin. It was also shown that fractionation of the sample was a great way
to increase the coverage, which has been shown in human studies too [235,
236]. The challenge with extensive fractionation is that the time for mass
spectrometry analysis will be very long. If the aim is to cover as much as
possible of the proteome it is manageable. However, if the aim is to have a
large scale study with many different samples it will be more or less impossible. It was shown that the use of depletion columns, constructed to deplete
human or rat proteins, increase the number of detected proteins in dog CSF
samples.

Conclusions and Future Perspectives
We are in a dynamic area of proteomics and there will be many exciting
discoveries in the coming decades. There have to be more large scale collaborations because it is a very complex research field with a lot of challenges.
There have been a tremendous increase of knowledge of both plants and
animals, including humans in the last decades, but there is still an ocean of
knowledge to be harvested. A closer connection of affinity and mass spectrometry based proteomics will strengthen both. There is another challenge
that has to be handled and that is how all the gathered information should be
stored and shared to benefit the most. The infrastructure of handling the proteomics data is lagging behind and has to be improved a lot to speed up the
work of improving the diagnostic and treatment of diseases that affect humans, other animals and plants. This is valid for both the success stories as
well as the less successful projects. If there is better reports of failures it is
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more likely that another research group can use that information to reestimate the problem and hopefully find a solution.
Another issue with the proteomics field is the validation of affinity reagents or the lack of that. It is good that this topic is more debated and that
researchers are more aware of the shortcomings that could appear using affinity reagents. A better awareness of the responsibility among researchers to
validate the finds and the reagents that are used, is also requested. Today
there are no general agreements about how to validate affinity reagents and
this leads to substantial waste of valuable resources and restricts the growing
market of affinity based diagnostics. Therefore, better international agreements on how affinity reagents should be tested to be regarded as functional
reagents are needed. One of the most important issues is the specificity of
affinity reagents. There has to be agreement in what kind of application specific validation that is needed, because different assays need different validation of the antibodies used. It would be too expensive to have the same validation for all antibodies that are available but there has to be a basic level.
Then the suppliers should specify for which assays their affinity reagents are
recommended and have appropriate validation for that.
In this thesis, it is shown that the antigen microarray platform that was established within the HPA project was a very good tool to determine the specificity of different affinity binders. The antigen microarray could be used in
future collaborations as a tool to produce specific affinity binders against
different targets. In the presented papers, it has been shown that the assay is
not only usable with the antigens and affinity binders that are produced in
the HPA project but also with reagents produced by other research groups
around the world. In addition to the antigen microarray it was shown that
mass spectrometry is a very good method for validation of antibodies. In a
study including IHC, WB and mass spectrometry there were good correlation of the results concerning the specificity for the tested antibodies for the
different methods.
There is a need of methods recognized as reliable by the community, for
validation of antibodies. The methods have to be able to handle different
kinds of affinity reagents produced at different laboratories. The methods
should be so easy to use and as robust that there is no difference by whom
and where the assay is carried out. There is still much work needed before
such generally accepted and standardized methods are established. There are
promising indications showing that we are heading in that direction, e.g. by
researchers publishing articles where they demand better and more standardized methods for affinity reagent validation. Portals like antibodypedia.org
and pabmabs.com can be valuable to put pressure on manufacturer to withdraw antibodies with bad performance. To get there, such resources have to
be better known by the research community and the information published
has to be critically evaluated. If such portals would be curated by a non54

profitable organization with limited connections both to the academic world
as well as the commercial market it would strengthen their credibility.
More efforts have to be invested in using orthogonal verifications of biological findings. A verification of an MS study with Western blot is very
good but it would be even better if it was performed with some kind of protein microarray set up. There are examples of using mass spectrometry to
validate bead-based antibody array results [259, 260]. So far, sensitivity has
been an issue resulting in large amount of beads used for the MS verification. Hopefully these kinds of attempts will be more common and these
kinds of problems will be possible to overcome.
In this thesis, I have shown that mass spectrometry can be very helpful to
get a better understanding also in animal proteomics. The dog CSF study
shows that with a combination of different analytical methods it is possible
to uncover many of the proteins that can be found in dog CSF. Dog is a
model animal for human diseases and with mass spectrometry it is possible
to do multi species analysis. I also showed a targeted quantitative mass spectrometry based method with good sensitivity.
ELISA has historically provided better sensitivity than MS-based methods. Now, however, MS is getting closer and in combination with a much
better specificity, there is much to gain using MS in animal proteomics. If
the protein to be quantified is very homologous between different species,
then there would be a possibility to set up a MS-based targeted assay that
could be used for many different species. So far, mass spectrometry is a very
complex and knowledge based application that is challenging to implement
in a clinical laboratory and especially in a veterinary laboratory. As a research tool it can already give valuable new information about various animal proteins and their function and similarities to human ditto. SRM or PRM
methods can be used in a clinical context and there are studies showing the
possibilities with MS-based methods [261]. It will be more common with
MS-based methods in the clinical laboratory but still the immunoassay based
perspective is the most common [262, 263]. For veterinary practice it would
be beneficial to have mass spectrometry-based assays and it would be easier
to implement new analytes due to e.g. shorter time for method development.
Still it will take many years before mass spectrometry will be used more
widely in veterinary practise due to the cost and complexity of the method.
Mass spectrometry harbors a great potential to be an even more invaluable analytical tool both in the research laboratories and in clinical laboratories. It will for sure be beneficial to combined mass spectrometry and affinity
proteomics.
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Summary in Swedish

Proteomik är ett forskningsfält inriktat på studier av proteiner. År 2001 presenterades den första fullständiga kartläggningen av människans genom. Det
vill säga människokroppens lagringssystem av information om vårt genetiska arv. Genom att knäcka denna kod kunde forskare börja kartlägga varför
vi ser ut som vi gör, hur vi fungerar m.m. Framförallt fick vi för första
gången tillgång till koden för alla de proteiner som kroppen är uppbyggd av.
Förhoppningarna var högt ställda i början för att lösa den ena gåtan efter den
andra med hjälp av den genetiska informationen som finns lagrad i våra
kroppar. Tyvärr visade det sig att kroppen är lite mer komplex än bara den
information som finns lagrad i våra gener. Den genetiska sekvensen ger inte
all information om ett funktionellt protein. Under processen från översättning av gensekvensen till dess att proteinet är fullt funktionellt sker många
olika modifieringar. Detta kan vara att gensekvensen klipps på olika sätt,
vidare är proteiner veckade i en 3-D struktur som ger olika möjligheter för
proteinet. Slutligen finns det många olika molekyler som kopplas på proteinet under dess ”mognadsprocess” för att ge proteinet särskilda egenskaper.
Naturen är en fantastisk byggmästare som har haft miljoner av år på sig att
förfina de processer som gör att vi fungerar som människor. För att lösa
detta gigantiska pussel behövs mycket tid, mycket tänkande och framförallt
metoder att kunna analysera det som händer i våra kroppar.
Sedan 2001 har vi med hjälp av olika proteomikmetoder lärt oss gigantiskt mycket mer om människokroppen och även om andra organismer, men
vi är fortfarande på en basal nivå av förståelsen av det naturen skapat. Vi har
insett att det inte alltid är helt lätt att veta vad ett protein gör, var det finns
och i vilken mängd. Dessutom har vi fått en mycket mer mångfasetterad bild
av hur proteiner modifieras efter att det har uttryckts med hjälp av den genetiska koden i våra celler. Dessa modifieringar har visat sig vara oerhört viktiga för hur proteiner signalerar, uttrycks och fungerar i största allmänhet.
Den snabba utvecklingen av sekvenseringsmetoder för både DNA och RNA
har resulterat i allt fler fullständigt kartlagda genetiska sekvenser, inte bara
för människor, utan för snart sagt alla levande organismer. Det har gett en
fantastisk möjlighet att storskaligt kartlägga proteinsammansättningen i alla
de kartlagda organismerna på ett sätt som inte tidigare varit möjligt.
Masspektrometri är en mycket användbar metod inom proteinforskningen. En masspektrometer är en detektor som kan användas för att bestämma
massan och laddningen på de molekyler man vill analysera. Med hjälp av
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dessa och kunskapen om hur proteinsekvenserna är uppbyggda av olika aminosyror kan man sedan ta reda på vilka proteiner som finns i det analyserade
provet. Ofta är det dock frågan om väldigt komplexa prover med väldigt
stort spann mellan de proteiner som förekommer i störst mängd och de som
är minst förekommande. För att bättre kunna analysera vilka proteiner som
finns i ett prov använder man sig av vätskekromatografisk separation i kombination med masspektrometri. Vätskekromatografi utförs med hjälp av en
kolonn innehållande en stationärfas. Till denna kolonn är kopplat en eller
flera pumpar som levererar det som kallas mobilfas. Det är sedan egenskaperna på den stationära och mobila fasen som avgör den slutliga separationen
av komponenterna i provet. Ett vanligt sätt inom masspektrometri är att separera med avseende på hydrofobicitet. Det är dock inte alltid det räcker med
vätskekromatografisk separation och då kan olika molekyler med förmåga
att specifikt fånga upp ett protein, här kallade bindare, användas för att på så
sätt förbättra den slutliga masspektrometrianalysen. Det kan vara fråga om
att framställa naturens egen lösning på detta som kallas för antikropp eller så
kan det vara på laboratoriet modifierade varianter av dessa antikroppar eller
andra lösningar för att fånga upp och rena fram ett protein från en komplex
blandning av många proteiner. Forskningsområdet som baseras på antikroppar och liknande bindare brukar benämnas affinitetsbaserad proteomik. Det
finns väldigt många sätt att producera dessa ”fångstredskap”. För att de skall
fungera optimalt måste man vara säker på att de binder upp rätt protein och
att de inte samtidigt även binder upp andra proteiner. I kroppen finns utmärkta regleringssystem för att se till att antikropparna hittar rätt och att de
gör vad de skall göra. I kroppen fungerar antikroppar som ett sorts flaggsystem för att visa främmande substanser eller organismer för kroppens immunförsvar så att dessa substanser kan rensas bort från kroppen.
I den här avhandlingen har både masspektrometri och antikroppsbaserade
metoder använts, såväl den ena metoden var för sig som de båda i kombination. I artiklarna I-V är utgångspunkten att försöka verifiera att bindare som
har producerats av forskare på laboratorier verkligen binder till det protein
som de var konstruerade för att binda. Det görs dels med hjälp av något som
kallas för proteinmikroarrayer (artiklarna I-IV) men även med hjälp av
masspektrometri (artikel V). I de proteinmikroarrayer som används i denna
avhandling binds det protein som användes för att producera bindaren upp på
en fast yta (mikroskopglas eller kula). För att kunna fastställa att en bindare
är specifik i sin bindning behövs många proteiner att testa den. I denna avhandling användes upp till 384 (målproteinet plus 383 andra) olika proteiner
för detta ändamål. När dessa proteinmikroarrayer är producerade så kan analysen av bindare börja. Med en specifik färginmärkt molekyl kan man se om
man har lyckats fånga upp bindaren med något av proteinerna. Om bindaren
är specifik så får man i detta fall en röd färgmarkering för det protein den är
tillverkad mot. Många gånger fanns dock en svagare infärgning även för
andra proteiner, se Figur 9. För att lättare kunna lokalisera var de olika prote57

inerna fanns på mikroarrayen användes en annan molekyl som var specifik
för en sekvens som fanns hos samtliga proteiner (grön färg). Tre olika tekniska plattformar användes för att sätta upp metoden för att verifiera att de
antikroppar som producerades i ”Human Protein Atlas (HPA)” projektet
(artikel I-III). Det visade sig att de gav väldigt samstämmiga svar för de
analyserade antikropparna. I artikel IV visades att den proteinmikroarray
som användes för validering av alla antikroppar i HPA projektet även kunde
användas för validering av bindare producerade av andra forskargrupper. I
artikel V visas att masspektrometri kan vara ett mycket användbart verktyg
för att ta reda på om en antikropp är specifik eller inte. I den studien gjordes
en masspektrometrisk analys efter att antikroppen hade fått möjlighet att
binda upp det protein den var designad att binda, målproteinet. Endast en av
de tre antikroppar som testades med hjälp av masspektrometri för ett specifikt protein band till det proteinet. Vidare kunde konstateras att de två övriga
hade bindningar till andra proteiner varav en av antikropparna band till väldigt många andra proteiner. De resultaten överensstämde väl med de andra
analyserna för att kontrollera dessa antikroppars specificitet. Styrkan med
masspektrometri är att analysen också gav svar på vad för andra proteiner
det kunde vara frågan om då inte målproteinet kunde detekteras.
Att masspektrometri är ett mycket värdefullt verktyg inom proteinforskningen exemplifierades vidare i två studier som inriktades på prover från
hund respektive katt. I hundstudien (artikel VI) analyserades cerebrospinalvätska (ryggmärgsvätska) för att försöka detektera så många proteiner som
möjligt i denna vätska från hund. Här användes en kombination av kommersiella kit som utvecklats för att fånga upp specifika mänskliga proteiner i
kombination med massspektrometri. Idén med att använda bindare här var
att försöka ta bort så mycket som möjligt av de mest förekommande proteinerna för att på så sätt lättare kunna detektera de som förekommer lite mer
sparsamt. Ingen hade tidigare utvärderat om metoderna kunde användas för
beredning av hundprover. Vi kunde visa att det var möjligt att använda dessa
kit för hund cerebrospinalvätska. Här lades även ett extra separationssteg in i
form av en gelseparation. Enkelt beskrivet laddas provet med proteinerna på
en i förhand gjuten gel. Därefter läggs en spänning över gelen och proteinerna i provet separeras med avseende på storlek i gelen. Totalt kunde 983 proteiner detekteras i detta prov med hund cerebrospinalvätska. I kattstudien
(artikel VI) visas hur masspektrometri kan användas för att bestämma den
faktiska koncentrationen av olika proteiner i ett prov. Principen bygger på att
man tillsätter ett i laboratoriet framställt protein med en något annorlunda
massa än det naturliga proteinet man vill studera. Eftersom det är framställt i
en laboratoriemiljö kan man bestämma dess exakta koncentration. I vätskekromatografisteget separeras dessa båda på samma sätt och kommer därmed att introduceras och analyseras samtidigt i masspektrometern. Däremot
gör det faktum att de har olika massor att de kan separeras i masspektrometern. Eftersom koncentrationen på det konstgjorda proteinet är känt så kan
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man sedan med hjälp av det bestämma vilken koncentration det är på proteinet i provet. Några av fördelarna med en masspektrometrimetod är att det går
att mäta koncentrationen på flera proteiner i samma experiment och att den
inte är djurspecifik utan relativt enkelt kan anpassas att mäta på andra djurarter om det inte är möjligt redan från början.
Jag har i denna avhandling i en studie visat att masspektrometri är ett
kraftfullt verktyg för att bedöma specificiteten på antikroppar och i två studier dess värde i proteinanalyser för hund och katt. Vidare har jag visat att en
kombination av masspektrometri och molekyler som kan fånga upp proteiner
kan vara en mycket användbar kombination. Båda metoderna har fördelar
och nackdelar. Med en större medvetenhet om dessa och ett bättre utnyttjande av de båda applikationerna kommer vi att uppleva många nya och
spännande upptäckter om hur proteiner fungerar och verkar i naturen.
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Molbio. Kimi, Burcu, Anna H, Maja och Ulrika i PAPP gruppen. Johanna S, Pia A, Anna K, Cajsa, Erik M, Ulla W, Jenny O, Henrik, Mathias, Sophia, Caroline, Figge och Kenneth och självkart alla andra som
jobbat i HPA projektet eller på bioteknologi, plan 3. Jag har lärt mig så oerhört mycket under åren på KTH.
Till alla mina vänner och släktingar, nära och långt borta som jag har haft
så mycket glädje med utanför forskningen. Det är skönt att veta att jag inte
alltid behöver prata forskning utan det kan vara barn, jakt eller bara livet i
största allmänhet.
Jag vill även passa på att tacka Kalle för att du tog dig tid att läsa min avhandling. Du kommer att kunna hänga med bättre men jag kan inte lova att
du kommer att förstå allt på disputationen.
Tack även Agneta och Hasse för att ni har en sådan bedårande dotter och för
att ni alltid är beredda att ställa upp om det behövs.
Mamma och pappa som alltid finns där när det behövs som mest. Tack för
att ni alltid har ställt upp för mig. Det känns tryggt att ha er som jag kan luta
mig emot.
Simon, min bror, och dina fantastiska barn. Vad skulle jag göra om jag inte
kunde ringa dig när bilen krånglar eller när jag behöver prata av mig. Det är
skönt att ha en som känner en nästa lika bra som man gör själv.
Min älskade Katarina, tack för att du är en sådan underbar människa. Du är
det bästa som har hänt i mitt liv och så har vi ju fått två underbara killar. Jag
älskar dig.
Viggo och Joel, nu är jag äntligen klar med boken. Nu lovar jag att jag har
mer tid för er.
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